Published PCR primers targeting the ammonia monooxygenase gene (amoA) were applied to 15 samples from activated sludge systems operated with low dissolved oxygen (DO) to quantify total 16 and clade-level Nitrospira that perform complete ammonium oxidation (comammox); however, 17 we found these existing primers resulted in significant artifact-associated non-target amplification. 18
Introduction 36
The oxidation of ammonium via nitrite to nitrate (i.e., nitrification) was historically 37 considered a two-step process completed by phylogenetically distinct ammonia oxidizers and 38 nitrite oxidizers. Although the complete oxidation of ammonium to nitrate by a single organism 39 was theoretically possible, no microorganism with the ability to carry out both steps had been 40 identified until late 2015. 1, 2 These complete ammonium oxidizing (comammox) bacteria belong 41 to the genus Nitrospira, which was known to contain only nitrite-oxidizing bacteria (NOB); 42 therefore, an entire group of microorganisms with the ability to oxidize ammonia had been 43 disguised for years. 1, 2 The discovery of comammox bacteria has redefined a key component of the 44 global nitrogen cycle, initiating a renewed focus of recent nitrogen cycling research in 45 environmental biotechnology. 3-8 46 Within the wastewater treatment industry, the application of nitrification under very low 47 dissolved oxygen (DO) concentrations (below 0.2 mg O 2 /L) is an exciting energy-saving approach 48 to biological nutrient removal (BNR). 9-11 Previous attempts to identify the key microorganisms 49 responsible for nitrification in low DO bioreactors have been inconclusive, with the presence of 50 known ammonia oxidizing bacteria (AOB) and ammonia oxidizing archaea (AOA) unable to 51 explain observed nitrification rates. 11 Thus, the recent discovery of comammox in a variety of 52 environments 1, 2 prompted us to investigate their presence in low DO BNR systems. 53
The gene encoding the alpha-subunit of ammonia monooxygenase (amoA) has been one of 54 the most widely used markers for detection and quantification of AOB and AOA, as it facilitates 55 functional analysis and reconstruction of phylogenetic relationships. [12] [13] [14] [15] The amoA of comammox 56 is distinguishable from amoA sequences of AOB and AOA, and thus, it can be used to detect the 57 presence of comammox in environmental samples. [1] [2] [3] 16 Recent descriptions of PCR primers 58 primer mixtures according to Pjevac et al. 17 Amplification of total 16S rRNA was performed using 114 the 16S rRNA-targeted primer pair 341f/785r according to Thijs et al. 22 (Table 2) . Methods for 115 standard preparation are provided in the supporting information. 116
The thermal cycling protocol for qPCR using the novel amoA primers designed in this 117 study ( Table 2 ) was as follows: initial denaturation step at 95 °C for 10 min, followed by 45 cycles 118 of initial denaturation at 95 °C for 10 s, annealing at 64 °C for 30 s, and extension at 72 °C for 30 119 s. Fluorescence was measured at 72 °C for amplicon quantification. After amplification, an 120 amplicon melting curve was recorded in 0.25 °C steps between 65 and 97°C. Melting peaks were 121 obtained by plotting the negative first derivative of fluorescence against temperature. Although 30 122 cycles is typically sufficient for quantification of targets in qPCR, the thermal cycling was 123 extended to evaluate potential non-specific amplification with the newly designed primers. 21 For broad comammox amoA quantification, three published primer sets were compared 127 using standards and nineteen environmental samples originating from five bioreactors (Table 1) . 128
The Ntsp-amoA 162F/359R primer set, 7 designed to target total comammox Nitrospira amoA 129 (Table 2) , amplifies a 198 bp fragment at primer binding regions between positions 162-182 and 130 339-359 bp (Figure 1 ). The comaA-244f/659R and comaB-244f/659r primer sets, 17 designed to 131 differentiate between clades A and B of comammox (Table 2) , amplify a 415 bp fragment at amoA 132 primer binding regions between positions 244-261 and 643-659 bp ( Figure 1 ). The standard curves 133 for these assays were linear over a minimum of five orders of magnitude and had high coefficients 134 of determination (R 2 > 0.990); although linear range, amplification efficiency, and limit of 135 detection and quantification varied depending on the standard used (Table 3 ; Table S1 ). The three 136 standards used also revealed that the amplified amoA of comammox have a wide range of GC 137 content, from 49% to 58%, which resulted in melting temperatures (T m ) ranging between 84.4 °C 138 and 88.9 °C (Table 3) . 139
In the total comammox assay, the melting curves for the standards were narrow and 140 unimodal above ~10 1 -10 2 copies ( Figure S1 (A-C)). However, melting curves from the 141 environmental samples ( Figure S1 (D-H)) and the agarose gel of qPCR products ( Figure S2 ) 142 showed unspecific amplifications resulting in three false positive detections (amplification did not 143 correspond to expected product size) and overestimation of comammox abundance (multiple 144 products seen, including one with the expected product size) in eight samples (Figure 2A ). 145
In the clade A comammox assay, all standards with approximately 10 2 amoA copies or less 146 presented two melting peaks, the expected target peak at approximately 88.9 °C, 86.0 °C, and 88.2 147 9 off-target peak at approximately 70 °C ( Figure S3 (A-C)). Higher copy numbers produced narrow, 149 unimodal melting peaks at the expected T m . The agarose gel performed with the qPCR products 150 showed a single band for the standards; however, eight of the nineteen environmental samples 151 contained multiple amplified products including a potential target amplicon ( Figure S4 ) leading to 152 overestimated gene abundance ( Figure 2B ). Amplification of off-target products in seven 153 additional samples produced artifact-associated fluorescence that was well over the limit of 154 quantification and translated into false positive predictions of the same order of magnitude as 155 positive samples ( Figure 2B ). 156
Clade B standards with approximately 10 3 amoA copies or less also contained two melting 157 peaks, an off-target peak at approximately 72 °C and the expected target peak at approximately 89 158 °C ( Figure S5 (A) ). In the clade B assay, fifteen samples had a target melting peak at the expected 159 T m , however, the agarose gel revealed that these samples had abundant off-target products that 160 were approximately 300 bp long-smaller than the expected 415 bp target size ( Figure S6 ). Only 161 one sample (P_CF-4) appeared to contain an amplicon of the expected size ( Figure S6 ), but also 162 contained several other off-target amplicons. Thus, none of the samples tested were confirmed to 163 be positive for presence of clade B comammox. 164
Overall, the presence, frequency, and influence of unspecific amplification in the total 165 comammox 7 assay and in the clade A and clade B 17 comammox assays were significant and did 166 not allow for accurate detection and quantification of comammox Nitrospira in the environmental 167 samples tested ( Figure 2 (A-C)). Additionally, we found that the GC content variability of the 168 targeted products from the total comammox 7 and clade A assays 17 greatly influenced melting 169 characteristics of the known standards included in the tests; thus making it impossible to differentiate between a true positive detection and false positive detection without relying on 171 agarose gel electrophoresis of amplified qPCR products.
species. With this objective in mind, to detect and quantify comammox belonging to the 176 Candidatus Nitrospira species currently described in the literature (Ca. N. nitrosa, Ca. N. 177 inopinata, and Ca. N. nitrificans) we designed qPCR primer sets specifically targeting each of 178 these species. For this design, we use a dataset of 27 full-length amoA gene sequences from AOB, 179 AOA, and comammox, and 15 full-length pmoA gene sequences from methanotrophs. We limited 180 the database to full-length amoA and pmoA sequences in order to allow for discovery of primer-181 binding regions outside of the fragments amplified by conventional amoA primer sets. 12, 23 We 182 used the Design Primers option in DECIPHER 21 with each one of the candidate species as the 183 target group and other amoA/pmoA sequences entered as closely related groups that should not be 184 amplified. In addition, for all designs, the annealing temperature and PCR conditions were fixed 185 (see Materials and Methods) so that all three species-level primer sets could be simultaneously 186 used in a single thermocycler run. 187
For Ca. N. nitrosa, the two amoA copies identified in the Ca. N. nitrosa genome 2 were used 188 as the target group. The design algorithm identified primer binding regions at positions 469-493 189 and 794-812, predicting amplification of a 344 bp fragment ( Figure 1 ). The target regions had 190 more than 4 mismatches to all other sequences, predicting a 100% specificity to the target group. 191 this primer set, there were more than 5 mismatches to other amoA and pmoA sequences used as 194 non-targets, also predicting 100% specificity. 195
For Ca. N. nitrificans, two sequences were used as targets; the one in the Ca. N. nitrificans 196 genome 2 and the one from Nitrospira sp. Ga0074138 3 , which had 91.4% sequence identity to the 197 Ca. N. nitrificans sequence. The primers amplified a 374 bp fragment, between positions 463 and 198 836. The predicted specificity was again 100%, with more than 4 mismatches to other sequences 199 used in the design dataset. 200
Since the sequence dataset used for design was small, we searched for additional amoA 201 sequences that would contain the target regions of the new primer sets. However, this analysis was 202 limited because most of the published amoA sequences contain the target side of the forward 203 primers, but not the site targeted by the reverse primer ( Figure 1 ). In this search, we found 33 204 nearly full-length sequences that clustered with the comammox sequences and contained the target Figure S7 ), lower than the typical cuttoff for species definition (ANI > 94%). 25 In 214 agreement, we predict that their amoA will not be amplified by the nitrosa-specific primer set due two genomes (86.3%; Figure S7 ) is below the typical cutoff for species definition and the in silico 218 analysis predicts that Nitrospira sp. CG24_B amoA will not be amplified with the nitrificans-219 specific primers ( Figure 4 ). Three additional amoA sequences clustering with Ca. N. nitrificans 220 include those from the draft genomes of 'Pasty iron sludge GWW N. bin 5, N. bin 9, and N. bin 221 10 (PRJEB10139)' 1 ( Figure 3 ), which contain fewer mismatches ( Figure 4 ) and are predicted to 222 partially amplify (below 56% effiency) with the Ca. N. nitrificans primers despite ANI below the 223 species cutoff ( Figure S7 ). Overall, the amoA phylogeny close to Ca. N. nitrificans remains 224 unresolved, and therefore, the designed primer set for this species will likely require future 225 refinement. 226
Sequences from clade B comammox were not included in dataset used for primer design, 227 and therefore, an in silico analysis was also performed with these sequences (Figure 4 shows N. 228 sp. CG24_A amoA as an example of clade B comammox). In all cases, the sequences had greater 229 than 4 mismatches and are predicted to not amplify with any of the new species-specific primer 230 sets. 231
The standard curves for all three primer sets were linear (correlation coefficient R 2 ≥ 0.996) 232 over 7 orders of magnitude (Table S1 ). The amplification efficiency for Ca. N. nitrosa, Ca. N. 233 inopinata, and Ca. N. nitrificans amoA was 96 ± 3.0%, 90 ± 3.0%, and 92 ± 2.4%, respectively 234 (Table 3) . Melting curve analysis of all standards showed amplification of the target product 235 without primer dimer artifacts, represented by a strong fluorescence signal producing a single 236 melting peak at approximately 88.8 °C for Ca. N. nitrosa ( Figure S8 (A) ), 85.6 °C for Ca. N. 237 inopinata, and 86.7 °C for Ca. N. nitrificans ( Figure S9 (A) -S10 (A)).
Using the new species-specific primer sets developed in this study (Nitrosa amoA-240 469f/812r, Inopinata amoA-410f/815r, and Nitrificans amoA463f/836r), we evaluated the samples 241 originating from the low DO BNR bioreactors (Table 1) . With the new primers, positive detections 242 obtained with melting curve analysis ( Figure S8 -S10) correlated well with a positive target 243 amplicon in the agarose gel (Figure S10-S11). Additionally, cross-hybridization and primer dimers 244
were not observed following PCR with agarose gel electrophoresis with the standard templates 245 ( Figure S12 ). 246
Comammox amoA belonging to Ca. N. nitrosa were detected in all environmental samples. 247
Agarose gel electrophoresis of the qPCR amplified products validated these results, since a single 248 amplicon with the expected length (344-bp) was obtained from all 19 samples ( Figure S11 ). 249
Visible products with the expected length were also present for two samples where the predicted 250 abundance was below the limit of detection (L_SBR-4, and NS-4) and four samples below the 251 limit of quantification (P_CF-4, NS-1, NS-2, and NS-3) (Table 3, Figure S11 ), indicating a high 252 level of sensitivity. The melting curve analysis ( Figure S8 ) confirmed the specificity of the 253 amplifications. Ca. N. nitrosa abundance was greater than 10 3 copies amoA/ng DNA in nine 254 samples originating from low DO bioreactors L_SBR, P_SBR, P_CF, and TRA ( Figure 2D ). The 255 maximum number of amoA copies was obtained from L_SBR-1, with approximately 2.5 × 10 4 256 copies amoA/ng DNA ( Figure 2D ). 257
Compared to the quantification of total comammox 7 , Ca. N. nitrosa comprised an average 258 of 340 ± 70%, 96 ± 29%, 67 ± 13%, and 93% of the total comammox population in the true positive 259 detections obtained from L_SBR, P_SBR, P_CF, and TRA, respectively (Figure 2A, 2D ). These 260 results indicate that the total comammox primers 7 may have underestimated Ca. N. nitrosa species 261 in samples with an abundant comammox population (L_SBR and P_SBR). A closer look at the mismatches in both the forward and reverse primers (Table S2) , as mismatches were allowed in 264 the original total comammox primer design. 7 Moreover, we observed reduced total comammox 7 265 efficiency when Ca. N. nitrosa amoA was present at less than 10 3 copies (Table S1) Ca. N. nitrificans was only detected above the limit of quantification in L_SBR-1, L_SBR-2, and 277 L_SBR-3 with approximately 86, 21, and 7 copies amoA/ng DNA, respectively ( Figure 2F ). 278
Overall, comammox amoA belonging to Ca. N. inopinata or Ca. N. nitrificans were minor 279 contributors to the total bacteria population after normalization (with relative abundances less than 280 0.03%) ( Figure S14 ). 281
Discussion 282
Since the late 1800s, nitrification had been described as a division of labor between two 283 phylogenetically distinct and specialized chemolithoautotrophs, the ammonia oxidizers and the hypothesized that a single nitrifying bacterium combining ammonia oxidation and nitrite oxidation 286 should exist in nature. 27 Nearly one decade later, in late 2015, two separate research groups 287 discovered, cultivated, and characterized the 'missing' comammox organism from an aquaculture 288 system and a deep oil exploration well, respectively. 1, 2 To date, there is still uncertainty about the 289 occurrence of the novel Nitrospira-like comammox organisms in full scale activated sludge 290 systems. While some studies have suggested that comammox are not relevant to conventional 291 wastewater treatment 4, 28 , no studies have been published that specifically attempt to quantify 292 comammox in wastewater treatment plants with low DO. Since comammox were discovered in 293 low oxygen environments 1, 2 they may be able to efficiently utilize oxygen and may be important 294 to low DO BNR. WWTP showed presence of Ca. N. nitrosa, but below the limit of quantification. The sludge from 299 this WWTP was the seed for the L_SBR, P_SBR, and P_CF reactors, all of which showed presence 300 of Ca. N. nitrosa, suggesting that the low DO conditions favored accumulation of Ca. N. nitrosa 301 as a potential participant in ammonia oxidation in low DO BNR. Interestingly, Ca. N. nitrosa was 302 also abundant in the full-scale TRA system, which is operated with low DO conditions (Table 1) , 303 providing independent support for the hypothesis that Ca. N. nitrosa is an important contributor to 304 ammonia oxidation in WWTP operated with low DO. Ca. N. nitrificans was detected above the 305 limit of quantification in the L_SBR reactor only, whereas Ca. N. inopinata was not detected in 306 any of the low DO reactors, and therefore, out of the three candidate species, Ca. N. nitrosa appears 307
to be the only one that becomes enriched under low DO conditions. 308 qPCR, the greatest relative abundance of Ca. N. nitrosa was 10% and 6% of total bacteria in 310 samples originating from the laboratory-scale and pilot-scale sequencing batch reactors, 311 respectively ( Figure S14 ). Although these two reactors were seeded with the same sludge, they 312 were fed from completely different sources (synthetic media for L_SBR and full-scale primary 313 effluent for P_SBR), but operated with low oxygen and a long solids retention time (SRT, both 80 314 days). 29 The continuous flow reactors (P_CF and TRA) had lower relative abundances of Ca. N. 315 nitrosa, and although operated with low DO, they had much lower SRT (both 10 days; Table 1 ). 316
Thus, in addition to oxygen, SRT may be a factor that contributes to comammox abundance in low 317
DO reactors. 318
Detection and quantification of microorganisms via real-time PCR relies on designing 319 primers with good specificity to the targeted organisms, good coverage of the targeted group, and 320 good quality of the experimental results. With any newly discovered target group, the quality of 321 primer sets to achieve accurate quantification depends on the quality of the databases used for 322 design and the design considerations. As more sequences of the targeted organisms become 323 available, designs can only improve. The first primer design for comammox quantification 324 described sets for targeting clade A and B amoA within the Nitrospira genus 17 , and subsequently 325 another set of primers was published, aiming for greater coverage to target all comammox amoA 7 . 326
Our evaluation of these primer sets in environmental samples from low DO BNR plants showed 327 challenges with primer dimer formation when target sequences were not abundant (clade A and 328 clade B primers 17 ), unspecific amplifications in environmental samples (all sets), and 329 underestimation with some strains due to primer-target mismatches (total comammox 7 ). These 330 challenges are more important when designing for broad target groups. In general, melting curve 331 analyses of qPCR results are helpful for detection of nonspecific PCR products since different 332 fragments will typically appear as distinct melting peaks. 31, 32 However, the broad detection and 333 quantification of comammox amoA has high GC content variability among the comammox 334 organisms described thus far (Table 3) . Therefore, a wide range of amplicon melting temperatures 335 are expected when using the total comammox 7 or clade-level 17 assays, making melting curve 336 analyses difficult to interpret. We found that verifying amplified products with the total 337 comammox 7 or clade-level 17 primers cannot be completed with melting curve analysis alone and 338 will require a subsequent agarose gel electrophoresis of all environmental samples, which is not 339 ideal for routine qPCR applications. 340
Setting the challenge of broad comammox quantification aside, we aimed at designing 341 primer sets specific to the three candidate species described thus far. Evidently, there is a very 342 small number of sequences representative of these candidate species; therefore, the designed 343 primers inherently have 100% coverage. Specificity depends on finding sufficient differences 344 between target and non-targets sequences 21 , and the results showed this was possible for the three 345 candidate species targeted. As more sequences become available from metagenome assemblies, 346 the specificity of these primers can be re-evaluated. The beginning of such activity was performed 347 in this study (Figure 4) . Importantly, the qPCR experiments with the newly designed primers were 348 conducted with a longer number of thermal cycles than typical (45 cycles) to increase the chances 349 of detecting potential non-specific amplifications. This extended thermal cycling confirmed that 350 that the primers are highly specific and are not producing unwanted non-specific amplifications. 351
Taken together, the species-specific comammox primers designed in this study enabled an 352 analysis of comammox abundance focused solely on the candidate comammox species currently problems of unspecific amplifications that compromised the use of broad comammox primers, and 355 resulted in strong experimental evidence in support of Ca. N. nitrosa being a comammox organism 356 with an important contribution to ammonia oxidation in energy-efficient BNR systems operated 357 under low DO conditions. 358
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